Hereditary syndromes are caused by genetic abnormalities, such as chromosome microdeletions. WAGR 2 syndrome (also named 11p deletion syndrome, consisting of Wilm's tumor, aniridia, genitourinary anomalies, and mental retardation), is a severe and hereditary genetic disease (1, 2) . Previous clinical data show that individuals with WAGR syndrome may have variant syndromes combined with the diseases listed above, and about half of WAGR syndrome patients have Wilm's tumor (3) . This syndrome is invariably accompanied by a constitutional deletion of all or part of chromosome 11p12-11p14 (including 11p13 deletion in all reported cases), which harbors dozens of genes (4 -6) . AGR syndrome is a subgroup of WAGR syndrome in which patients do not develop Wilm's tumor. Deletion of chromosome 11p14.1-p13 associates with AGR syndrome (7) . Haploinsufficiency of PAX6 causes aniridia, and deletion of the WT1 gene predisposes toward Wilm's tumor, genital abnormality, and nephropathies. These two genes have been identified to be critical in the pathogenesis of WAGR syndrome (8, 9) . Recent studies reported that deletion of BDNF (brain-derived neurotrophic factor), which is present in 11p14.1, is attributable to the obesity found in WAGR syndrome (2) . 11p14.1 microdeletions are associated with attention-deficit hyperactivity disorder, autism, developmental delay, and obesity in humans (10) . PRRG4 (transmembrane ␥-carboxyglutamic acid protein 4) and SLC1A2 (solute carrier family 1 member 2), which have been reported to be deleted in some WAGR syndrome patients, may be implicated in autism (4) . The molecular mechanisms of the pathogenesis of WAGR syndrome are largely unknown.
G-protein-coupled receptor-48 (Gpr48, also named Lgr4), is a glycoprotein hormone receptor with leucine-rich-repeat domains at the N terminus (11, 12) . The LGRs are present very early in evolution, and members share high homology. Up-regulation of Lgr4 has been found to promote cancer cell invasion and metastasis (13) . Lgr4/Gpr48 is broadly expressed in diverse organs, including the eye, kidney, testis, ovary, uterus, and brain and plays multiple physiological roles in these organ systems (14) . Lgr4 has been implicated in postnatal development (15) , integrity of male reproductive tracts (4, 16, 17) , and renal development (18) . R-spondin(s) is reported to interact with Lgr4/ Gpr48 and mediates a Wnt/␤-catenin signaling pathway through associated frizzled Lrp5/6 complexes (19, 20) . R-spondin potentiates Wnt/␤-catenin signaling through LGR4 and LGR5 (21) . Norrin is also a ligand for Lgr4 (22) . A nonsense point mutation (c.376CϾT (p.R126X)) in the LGR4 gene is associated with low bone mineral density, osteoporotic fractures, electrolyte imbalance, late onset of menarche, reduced testosterone levels, and an increased risk of squamous cell carcinoma of the skin and biliary tract cancer in humans (23) . Recently, Lgr4 has been identified to play roles in bone formation and remodeling (24) , innate immunity (25) , mammary stem cells (26) , and prostate development (27) . However, whether inactivation of Lgr4/Gpr48 plays a role in AGR syndrome is unknown.
Abnormal gene transcriptional regulation contributes to diverse developmental disorders and diseases (28) . Multiple processes, such as histone modification, are involved in developmental gene expression regulation (29) . Histone (de)methylation is critical in regulating gene activation, silencing, and epigenetic memory (30, 31) . Histone demethylases play important roles in various cellular procedures, including apoptosis and cell proliferation (31) . Histone demethylase Jmjd2a (also called JHDM3A) is a JmjC histone demethylase that catalyzes the demethylation of di-and trimethylated Lys-9 and Lys-36 in histone H3 (H3K9me2/3 and H3K36me2/3) (32, 33) . Jmjd2a depletion increases the histone methylation of nuclear H3K9me3 and H3K36me3 and triggers germ line apoptosis in Caenorhabditis elegans (34) . Histone demethylase Jmjd2a is involved in the repression of transcription factor ASCL2 (achaete scute-like homologue 2, also named Hash2) (35) and is also implicated in the regulation of androgen receptor (36) . More recently, Jmjd2a has been reported to function in muscle development, and its mRNA is present in oocytes and throughout bovine embryonic developmental stages in vitro, suggesting multiple roles of Jmjd2a in development (37) . Fbxl10 (also named Kdm2b or Jhdm1b) is a histone H3 lysine 36 (H3K36) demethylase that regulates cell proliferation and senescence through p15 Ink4b (also named as Cdkn2b) (38) . However, the role of histone methylation in mediating Lgr4 signaling or a role for histone demethylases in AGR has not been previously reported.
In this study we investigated the roles of Lgr4 in AGR syndrome related aniridia, reproductive system function, and mental retardation in mice as well as Lgr4 functions in regulating histone demethylase expression. We found that LGR4 is the only GPCR gene in human chromosome 11p and that inactivation of Lgr4 not only associates with defects in eye, kidney, testis, ovary, and uterine organ development but also leads to significant mental retardation in mice. We demonstrated that Lgr4 mediates expression of multiple genes critical for organ development through genetic and epigenetic surveillance. Our data suggest that LGR4 may be a novel candidate gene for the pathogenesis of AGR syndrome.
EXPERIMENTAL PROCEDURES
Generation of Lgr4 Gene Null Mice, Antibodies, Plasmids, Cells, and Reagents-The Lgr4 gene trap ES cell clone (LST020, the gene trapping site is located in the intron between the first and second exons) was obtained from William Skarnes (Bay Genomics), and Lgr4-null ES cell clones were injected into C57BL/6 blastocysts and transferred to ICR female mice. Male chimeric mice were mated with C57BL/6 females, resulting in transmission of the inserted allele to the germ line. Positive mice were interbred and maintained on a mixed 129 ϫ C57BL/6 background. Genotyping analyses and identification of wild type and Lgr4 deletion homozygotes were performed as previously described (39) . Anti-p-CREB, anti-CREB, and anti-KI-67 antibodies were ordered from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Jmjd2a antibody was ordered from Abcam (Cambridge, MA). Anti-Fbxl10 antibodies for immunostaining were ordered from LifeSpan Biosciences (Seattle, WA) and for the Western blot were from Santa Cruz Biotechnology. Lgr4, Lgr4T755I, and CREB overexpression plasmids were made by our laboratory (39) . ApopTag Peroxidase In Situ Apoptosis Detection kit was ordered from Chemicon (Millipore, Billerica, MA). Lipofectamine TM was ordered from Invitrogen TM . Histostain-Plus kit (DAB) was ordered from Invitrogen.
Immunohistochemistry and Immunofluorescence Staining-The immunohistochemistry assays were performed as previously described (40) . For the DAPI and anti-Jmjd2a (1:1000 dilution) immunofluorescence assays, most procedures were the same as described above. Images were taken by a ZEISS Axioskop 40 fluorescent microscope.
Apoptosis Assay-Apoptosis was analyzed in 1-month-old tissues using the ApopTag Peroxidase in Situ Apoptosis Detection kit (Chemicon) according to manufacturer's instructions (39) .
Morris Water Maze Assay-The Morris water maze was performed as described previously with some modifications (41) . Mice were trained with three training trials per day for 6 consecutive days with fixed starting and escape platform locations. Then the escape platform was hidden 1 cm under the water surface in the same location of the pool as during the training trials. Mice were released into the pool from a constant starting location. Training trials ended when the mouse was on the platform or 60 s had elapsed, whichever came first. Mice remained for 15 s on the platform before they were removed from the pool. Training trials were given in blocks of two spaced about 90 min apart. Spatial learning was assessed with a probe trial (during which the platform was removed from the pool) given after completion of training. Analysis of variance and t tests were used for analysis of data (quadrant occupancy, target crossings). After initial analysis of variance analysis, specificity of searching was determined by comparing target quadrant measures to average measures of the other quadrants (paired t test).
Open Field Test-The open field test was conducted as previously described with some modifications (41) . The apparatus was a square arena (length ϫ width ϫ height ϭ 48 ϫ 35 ϫ 27 cm), and the "center" field was defined as the inner central 20 ϫ 16-cm area (about 19% of the total area). Mice were individually placed in a constant corner and allowed to explore for 10 min, and behavior was video recorded with a Kodak Easyshare z740 Zoom Digital camera. Time spent in the center area was accounted according to the video record.
Elevated Plus Maze Assay-The plus maze assay was performed as described previously with some modifications (41) . RT-PCR and Real-time Quantitative-PCR-Total RNAs were extracted from P0 mouse tail or the indicated organs for RT-PCR with Lgr4 primers, 5Ј-AGTGCTTTGCAGTCTCTA-CGC-3Ј (sense) and 5Ј-GAAGATGCAGCACTACCAAGC-3Ј (antisense), or for real-time quantitative PCR assays with the indicated gene specific primers. Three independent quantita-tive PCR experiments were performed, and results are shown as mean Ϯ S.D. (n ϭ 3).
Western Blotting and Luciferase Assay-Proteins were extracted from wild type and Lgr4 Ϫ/Ϫ MEF cells, and a Western blotting assay was performed with anti-Jmjd2a and Fbxl10 antibodies (1:1000 dilution). The DNA fragment of Ϫ996 ϳ ϩ20 bp of mouse Jmjd2a was amplified and inserted into pGL3 basic vector between KpnI and SacI sites with the primers 5Ј-ACG-TAGGTACCGCGGTGACACTGCAATCCACTA-3Ј (sense) and 5Ј-TACGTGAGCTCAGCCCATAGTCAACCAACCCA-A-3Ј (antisense). The DNA fragment of Ϫ128 ϳ ϩ20 bp of mouse Jmjd2a was amplified and inserted into pGL3 basic vector between KpnI and SacI sites as a control with the primers 5Ј-ACGTAGG- LGR4/GPR48 Is Responsible for AGR Syndrome TACCGGAGGCTCAGCGTTTTCTC-3Ј (sense) and 5Ј-TACG-TGAGCTCAGCCCATAGTCAACCAACCCAA-3Ј (antisense). The DNA fragment of Ϫ1 kb ϳ ϩ20 bp of mouse Fbxl10 was amplified and inserted into pGL3 basic vector between MluI and XhoI sites with the primers 5Ј-ACGTAACGCGTGGTTAGAA-GGGCTGCCCAGAGAAT-3Ј (sense) and 5Ј-TACGTCTCGA-GGCATAACTTTTAAACTCCCGGGGC-3Ј (antisense). The DNA fragment of Ϫ136 ϳ ϩ20 bp of mouse Fbxl10 was amplified and inserted into pGL3 basic vector between MluI and XhoI sites as a control with the primers 5Ј-ACGTAACGC-GTGTACTACCGAGGCTATCCGAATG-3Ј (sense) and 5Ј-TACGTCTCGAGGCATAACTTTTAAACTCCCGGGGC-3Ј (antisense). Indicated constructs were transfected into HEK293 cells with Lipofectamine TM (Invitrogen TM ), and luciferase activity was measured using the luciferase assay system (Promega, Madison, WI) with Top Count Microplate Scintillation Counter (Canberra, Meriden, CT). For the fetal bovine serum (FBS) series concentration treatment, plasmid-transfected HEK293 cells were cultured with DMEM without FBS overnight followed by treatment with 0, 0.1, 1, or 10% FBS for 18 h, and luciferase activity was measured.
Statistics-Unless otherwise indicated, results are the mean Ϯ S.D. p values were determined using two-tailed Student's t test. A p value less than 0.05 was considered significant.
Study Approval-Animal studies conformed to the principles for laboratory animal research outlined by the Animal Welfare Act (NIH/Department of Health and Human Services), and the use of animals was approved by the Institutional Animal Care and Use Committee of Texas A&M University System Health Science Center.
RESULTS

Deletion of Lgr4 Leads to Defects in Iris Development and Aniridia in Mouse Eyes-We found that
LGR4 is the only GPCR in the "11P deletion" chromosome fragment (11p12-11p14) and positioned ϳ4 megabases away from the WAGR syndrome pathogenesis genes WT1 and PAX6 and only ϳ0.2 megabases from BDNF (Fig. 1A) . To investigate whether Lgr4 is a candidate gene in the pathogenesis of WAGR syndrome, we generated Lgr4-null mice (Fig. 1B) . To evaluate the effects of Lgr4 deletion on iris development, we examined pupil formation by examining wild type and Lgr4 Ϫ/Ϫ mouse eyes under strong light (n ϭ 12 in each group). Smaller pupils appeared in the eyes of each wild type mouse in response to strong light, whereas 72% of Lgr4 Ϫ/Ϫ mice did not show pupil constriction under the same conditions (Fig. 1C, top) . The remaining 28% of Lgr4 Ϫ/Ϫ mice had cataract diseases and had no iris response to strong light. To confirm these observations, we examined the pupil diameters of these abnormal Lgr4 Ϫ/Ϫ eyes by H&E. We observed significantly wider diameter pupils in Lgr4 Ϫ/Ϫ eyes than in wild type eyes (Fig. 1C, bottom) , suggesting that deletion of Lgr4 leads to defects in iris development. The aniridia found in Lgr4 Ϫ/Ϫ mouse eyes suggest that Lgr4 inactivation leads to defects in iris development.
Deletion of Lgr4 Results in Polycystic Kidney Disease in Mice-To examine the roles of Lgr4 in kidney development, 3-week-old (n ϭ 5 in each group) and 4-week-old (n ϭ 9 in each group) mouse kidneys were examined. We observed that all Lgr4 Ϫ/Ϫ kidneys were much smaller than those of wild type kidneys ( Fig. 1D, top) . Two of the 3-week-old (Fig. 1D , top and middle) and 4 of the 4-week-old (Fig. 1D , bottom) Lgr4 Ϫ/Ϫ kidneys, but none of the wild type kidneys, presented severe polycystic kidney disease (PKD), suggesting that Lgr4 inactivation results in high risk of polycystic kidney disease (PKD frequency Ϸ 44.4% at the 1-month stage). There were no Wilm's tumors in all examined kidneys (data not shown). The wide distribution and high expression level of Lgr4 in kidneys (12) , the smaller size of Lgr4 Ϫ/Ϫ mouse kidneys, and the high risk of severe PKD disease in Lgr4 Ϫ/Ϫ mouse kidneys indicates that Lgr4 plays a critical role in the development and function of the kidney.
Lgr4 Inactivation Leads to Defects in Reproductive System Development in Mice-To investigate the roles of Lgr4 in male reproductive system development, 4-week-old wild type and Lgr4 Ϫ/Ϫ testes were examined (n ϭ 12 in each group). All Lgr4 Ϫ/Ϫ testes were smaller than wild type testes (Fig. 1E, top) . Each wild type testis had lumens in the seminiferous tubules, whereas Lgr4 Ϫ/Ϫ seminiferous tubule lumens were signifi- LGR4/GPR48 Is Responsible for AGR Syndrome MARCH 28, 2014 • VOLUME 289 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8771 cantly smaller or even absent (Fig. 1E, bottom) . We further tracked 3-and 6-week old testes; smaller seminiferous tubules and lumens were present in all Lgr4 Ϫ/Ϫ testes. Over a study period of two years, we observed that all Lgr4 Ϫ/Ϫ male mice were infertile (n Ͼ 60). The lumen supplies a pathway to deliver sperm cells to the collection tubule and finally to the epididymis, which is important for spermatogenesis. The dramatically delayed or arrested lumen formation and seminiferous tubule development in Lgr4 Ϫ/Ϫ testes together with the absolute infertility of Lgr4 Ϫ/Ϫ mice suggest that Lgr4 deletion disrupts male reproductive system development and function.
To examine the roles of Lgr4 in the female reproductive system, the ovaries and uteruses of 4-week-old wild type and Lgr4 Ϫ/Ϫ mice were investigated (n ϭ 12 in each group). All Lgr4 Ϫ/Ϫ ovaries were much smaller than wild type (Fig. 1F) , and the number of primary follicles and secondary follicles was significantly reduced in Lgr4 Ϫ/Ϫ ovaries (Fig. 1F ). All Lgr4 Ϫ/Ϫ uteruses presented strikingly thinner smooth muscle layers and almost no secretory glands in the dilated stromal layers (Fig. 1F) . Within a 2-year-long study period, Lgr4 Ϫ/Ϫ female mice were found to be absolutely infertile (n Ͼ 50). These data indicate that Lgr4 deletion associates with defects in female mouse genitalia, and Lgr4 is required for female reproductive system function. Collectively, these results indicate that Lgr4 inactivation associates with reproductive system defects in mice. 
Deletion of Lgr4 Decreases Learning Ability and Anti-anxiety
Ability in Mice-As spatial memory learning ability and antianxiety ability are two important aspects in mental development and maturation (41), we then investigated the spatial memory ability and the anti-anxiety ability in 4-week-old wild type and Lgr4 Ϫ/Ϫ mice. In the Morris water maze assays, Lgr4 Ϫ/Ϫ mice took almost the same time to reach the escape platform as wild type mice in the first training trial (n ϭ 6 in each group). After being trained for six consecutive days with three training trials per day, the wild type and Lgr4 Ϫ/Ϫ mice were tested, and the time spent was recorded. The average time of Lgr4 Ϫ/Ϫ mice after training was 8.8 Ϯ 1.6 s, more than that of wild type mice with 3.6 Ϯ 0.5 s ( Fig. 2A) , indicating that the spatial memory learning ability decreased in Lgr4 Ϫ/Ϫ mice. We further examined the anti-anxiety ability using the elevated plus maze assay (Fig. 2, B and C) and open field assay (Fig. 2, D  and E) . We observed that the anti-anxiety ability was significantly decreased in Lgr4 Ϫ/Ϫ mice (Fig. 2, B-E) . Together, these data suggest that Lgr4 deletion contributes to mental retardation. As obesity is present in some (W)AGR syndrome patients (2), we also examined the potential for obesity in Lgr4 Ϫ/Ϫ mice but found no obesity in Lgr4 Ϫ/Ϫ mice at 4 weeks, 6 weeks, and 6 months of age (n ϭ 6 per group at each age, data not shown). Taken together, Lgr4 deletion leads to aniridia, polycystic kidney disease, reproductive defects, and mental retardation in mice.
Lgr4 Inactivation Increases Cell Apoptosis in Genitourinary
Systems-Previous studies reported that Lgr4 regulates epithelial cell proliferation (42) . To understand the underlying molecular mechanisms of the above multiple defects in WAGR syndrome-related organs, we examined the roles of Lgr4 in cell apoptosis in the tissues of these organs. We performed apoptosis assays in the cross-sections of 4-week-old kidney, testis, ovary, and uterus. We observed that apoptosis significantly increased in Lgr4 Ϫ/Ϫ kidney (Fig. 3, A and B) , testis (Fig. 3, C  and D) , ovary (Fig. 3, E and F) , and uterus (Fig. 3, G and H) compared with that in wild type. Together, these data suggest that Lgr4 deletion suppresses cell proliferation and increases cell apoptosis in mouse genitourinary systems.
Lgr4 Regulates the Expression of Multiple Key Genes in the Eye and the Genitourinary Systems-To explore the underlying molecular mechanisms of the above observations, we employed real-time PCR to investigate the transcription changes of multiple genes important in the development of the eye, kidney, and genitourinary system, including Pax6 and WT1. In accord with our previous findings (39), we observed that deletion of Lgr4 decreased the expression levels of Pitx2 in the eye (Fig.  4A ). In addition, Lgr4 Ϫ/Ϫ mice had decreased expression of AP-2 (43, 44) in the eye, PKD2 (45), EGF (46) , EGFR (47) in the kidney (Fig. 4B) , Dhh (48), Gata4 (49, 50) , Sox9 (51), and Fgf9 (52) in the testis (Fig. 4C) , Gata4 (53, 54) in the ovary (Fig. 4D) , and Lim1 (55) 4E). Together, these data indicate that Lgr4 is broadly implicated in the transcriptional regulation of a wide range of key genes in WAGR syndrome-related organs.
Lgr4 Is Implicated in Transcriptional Regulation of Multiple Histone Demethylases in Vitro-Histone demethylases demethylate nuclear histones and have been implicated in regulating transcription of a vast spectrum of genes (31) . G-protein-coupled receptors regulate a wide range of cellular responses through genetic and epigenetic means including histone (de)methylation surveillance (58 -60) . To examine whether Lgr4 plays a role in the regulation of histone demethylases and, therefore, modulates the transcription of multiple genes in (W)AGR syndrome-related organs, we screened the mRNA levels of all 26 mouse Jumonji C (JMJC)-family histone demethylases in both wild type and Lgr4 Ϫ/Ϫ mouse embryonic fibroblast (MEF) cells. We observed that Lgr4 deletion led to a significant decrease in mRNA expression of Jmjd2a, Jmjd2d, Fbxl10, and Mina and significantly increased mRNA expression of Jmjd5, Jarid2, and Hspbap1 (Fig. 5A ). Previous studies have reported that Lgr4 signals through the adenylate cyclase-cAMP-CREB signaling pathway (24) . We then analyzed the promoter regions of the above down-regulated histone demethylase genes in Lgr4 deletion mutant mice using the Genomatix web site and found that all of these genes have a potential CREB binding site at Ϫ1 kb in their promoter regions (data not shown). Using the chromatin immunoprecipitation (CHIP) assay, we screened for phospho-CREB binding to the promoter regions. We found that p-CREB bound to the promoter regions of the histone demethylases Jmjd2a, Fbxl10, Hspbap1, and Mina (Fig. 5B ). In addition, Lgr4 depletion decreased CREB phosphorylation (Fig. 5C ). These data suggest that Lgr4 might regulate the transcription of these histone demethylases through the cAMP/CREB pathway.
Lgr4 Regulates Histone Demethylase Jmjd2a in Vitro and in Vivo-Previous studies show that Jmjd2a (34) and Fbxl10 (38) are important for cell proliferation and apoptosis, whereas the functions of Mina and Hspbap1 are yet to be determined. Here we focused our investigation on the effects of Lgr4 on Jmjd2a and Fbxl10. Western blot analysis of wild type and Lgr4 Ϫ/Ϫ MEF cells indicated that Lgr4 loss down-regulates Jmjd2a in MEF cells (Fig. 6A, top) . The transcription factor ASCL2 is a target of the histone demethylase Jmjd2a, and its transcription is repressed by Jmjd2a (36, 38) . We then tracked the mRNA level of ASCL2 in wild type and Lgr4 Ϫ/Ϫ MEF cells. As expected, we observed that ASCL2 expression is increased in Lgr4 Ϫ/Ϫ MEF cells (Fig. 6A, bottom) . To examine whether Lgr4 deletion reduced the histone demethylase Jmjd2a mRNA level in vivo, tissue-specific total mRNAs were extracted and analyzed by real time PCR. Histone demethylase Jmjd2a mRNA expression is consistently reduced in Lgr4 Ϫ/Ϫ eye, kidney, testis, uterus, and ovary (Fig. 6B ). Next, we performed fluorescence immunostaining and immunohistochemistry to evaluate the expression levels of Jmjd2a in wild type and Lgr4 Ϫ/Ϫ tissues. We detected Jmjd2a in the stromal cells and stromal muscle cells of the iris, in the tubule and duct epithelial cells of the kidney, in Leydig cells, spermatogonia and primary spermatocytes in the testes, in the epithelial cells and theca lutein cells in the ovary, and in the epithelial cells of uterine secretory glands of wild type mice (Fig. 6C, left) . Meanwhile, we observed a significant decrease of Jmjd2a expression in Lgr4 Ϫ/Ϫ iris, kidney, testis, and ovary (Fig.  6C, right) , suggesting that Lgr4 regulates the expression of histone demethylase Jmjd2a in these (W)AGR syndrome-related organs in mice.
Lgr4 Regulates Histone Demethylase Jmjd2a Transcription via CREB-There are three potential CREB binding sites in the Ϫ1-kb region of the histone demethylase Jmjd2a promoter (Fig.  6D) . We tested the p-CREB binding affinity of regions 1, 2, and 3 using CHIP and quantitative PCR assays. We found that region 1 showed relatively strong binding affinity for p-CREB ( Fig. 6D, 1, top left) , indicating that region 1 of the mouse histone demethylase Jmjd2a promoter contains a p-CREB binding site. We then compared the binding affinity of p-CREB on region 1 between wild type and Lgr4 Ϫ/Ϫ MEF cells and observed decreased binding affinity in Lgr4 Ϫ/Ϫ MEF cells compared with that in wild type (Fig. 6D, 1, lower right) , suggesting that Lgr4 may regulate histone demethylase Jmjd2a transcription through the PKA/CREB pathway. To verify this observation, we performed luciferase assays using the promoter region of Jmjd2a. Increased concentrations of FBS elevate Lgr4-dependent histone demethylase Jmjd2a promoter activity (Fig.  6E) , indicating that FBS contains Lgr4 ligand(s). Furthermore, we investigated the CREB effects on Lgr4-dependent Jmjd2a promoter activity with multiple co-transfection combinations as indicated in Fig. 6F . Overexpression of Lgr4 with FBS promoted CREB-induced histone demethylase Jmjd2a promoter activity and overexpression of the constitutively active-mutant form of Lgr4 further enhanced Jmjd2a promoter activity (Fig.  6F ). In addition, overexpressing Lgr4 with FBS elevated cellular Jmjd2a levels (Fig. 6G) , indicating that activated Lgr4 up-regulates Jmjd2a expression. Taken together, these data demon- strate that Lgr4 regulates histone demethylase Jmjd2a transcription through the cAMP-CREB signaling pathway.
Lgr4 Regulates Histone Demethylase Fbxl10 in Vitro and in Vivo-Using Western blot analysis, we examined whether Lgr4 affects the expression level of Fbxl10 and observed that Lgr4 deletion decreased the cellular protein level of Fbxl10 in Lgr4 Ϫ/Ϫ MEF cells (Fig. 7A, top) . Cdkn2b is an Fbxl10 target gene and is repressed by Fbxl10 (38) . We observed that deletion of Lgr4 increased the mRNA level of Cdkn2b (Fig. 7A, bottom) . To examine the effects of Lgr4 on Fbxl10 in vivo, we performed quantitative real-time PCR analysis with total mRNAs from eye, kidney, testis, ovary, and uterus. We observed that Lgr4 Ϫ/Ϫ mice had variable reductions in Fbxl10 mRNA expression levels in kidney, testis, and ovary ( Fig. 7B ) but not in Lgr4 Ϫ/Ϫ eye and uterus. An explanation of the unaffected Fbxl10 mRNA expression in Lgr4 Ϫ/Ϫ eye and uterus is possible compensatory mechanisms in these organs. In immunostaining assays, detectable Fbxl10 signals decreased in Lgr4 Ϫ/Ϫ tissues compared with those in wild type tissues, including the epithelial cells of tubules of kidney, the Leydig cells of the testis, and the granulosa cells of the ovary (Fig. 7C ). These in vitro and in vivo experiments imply that Lgr4 regulates the expression levels of histone demethylase Fbxl10 in the mouse kidney, testis, and ovary.
Lgr4 Regulates Histone Demethylase Fbxl10 through CREB Transcription Factor-There are three potential CREB binding sites in the Ϫ1-kb region of the histone demethylase Fbxl10 promoter (Fig. 7D) . We tested the binding affinity between these three regions and p-CREB using CHIP and quantitative PCR assays. We found that region 1 showed relatively high binding affinity compared with region 2 and 3 ( Fig. 7D, 1-3) , indicating that region 1 of the mouse histone demethylase Fbxl10 promoter contains a p-CREB binding site. We then examined the binding affinity between p-CREB and region 1 of Fbxl10 in wild type and Lgr4 null mutant cells. Our data show that deletion of Lgr4 in MEF cells decreased the binding affinity of p-CREB to region 1 (Fig. 7D, 1, lower right) indicating that Lgr4 regulates Fbxl10 transcription via the PKA/p-CREB pathway. To verify this observation, we performed luciferase assays with Fbx110-luciferase and different combinations of plasmids. We observed that overexpression of Lgr4 and CREB significantly enhanced histone demethylase Fbxl10 promoter-induced luciferase activity (Fig. 7E ). In addition, overexpressing Lgr4 with FBS stimulation increased cellular Fbxl10 levels (Fig.  7F ). Together, these data demonstrate that Lgr4 regulates histone demethylase Fbxl10 transcription via the phospho-CREB signaling pathway. Collectively, our study indicates that Lgr4 is a (W)AGR syndrome candidate gene and regulates multiple organ development through genetic and epigenetic controls (Fig. 7G ).
DISCUSSION
(W)AGR syndrome is caused by constitutional deletion of all or part of chromosome 11p, which harbors dozens of genes; however, the underlying mechanisms of the pathogenesis are still elusive. In this report we identify Lgr4 as a novel candidate gene for (W)AGR syndrome. We demonstrate that inactivation of Lgr4 associates with multiple defects of (W)AGR syndrome, including absolute infertility in both male and female mice, compromised iris development and function (aniridia), smaller kidneys and polycystic kidney disease, decreased learning ability, and anti-anxiety in Lgr4 null mice. Therefore, deletion of Lgr4 leads to aniridia, polycystic kidney disease, reproductive defects, and mental retardation in mice, similar to human (W)AGR syndrome. Because LGR4 is located in the chromosome 11p region deleted in WAGR syndrome, and deletion of Lgr4 reduces the expression levels of key genes in WAGR syndrome related organs in mice, our results strongly suggest that LGR4 is a novel potential candidate gene in the pathogenesis of (W)AGR syndrome.
R-spondins interact with Lgr4 and potentiate the Wnt/␤catenin signaling pathway (20) through the associated frizzled/ Lrp Wnt receptor complex (19) . It is well established that ␤-catenin interacts with CREB binding protein (CBP) or a closely related CBP homolog of p300 to form a transcriptionally active complex (61) (62) (63) . Here we demonstrate that Lgr4 regulates the transcription levels of histone demethylases Jmjd2a and Fbxl10 through the classic cAMP-CBP (CREB) signaling pathway, which is consistent with previous studies that Lgr4 regulates gene transcription via cAMP-CREB signaling (24, 39) , and that CBP mutation associates with growth and mental retardation in humans (64) . Therefore, our studies suggest that Lgr4/Gpr48 may synergize the expression of key genes through both the G ␣s /cAMP-PKA-CBP/CREB pathway and the Wnt/␤catenin signaling pathway.
Interestingly, recent studies reported that several GPCRs employ either CREB signaling or Wnt/␤-catenin signaling to regulate expression of histone demethylases. For example, ␤2-adrenergic receptor/cAMP/CREB signaling regulates transcription of histone demethylases JMJD1A (JHDM2a) (58), vitamin-D receptor/Wnt/␤-catenin signaling mediates transcription of histone demethylase JMJD3(KDM6B) (65), and Wnt/␤-catenin signaling up-regulates expression of histone increased Cdkn2b mRNA expression (bottom). B, Fbxl10 mRNA expression decreased in Lgr4 Ϫ/Ϫ kidney, testis, and ovary. C, Lgr4 deletion decreased histone demethylase Fbxl10 protein expression in the kidney, testis, and ovary. Fbxl10 immunostaining was performed on tissue sections from kidney (1 month old), testis (1 month old), and ovary (2 months old) of wild type and Lgr4 Ϫ/Ϫ mice (5 mice for each group). Lgr4 deletion decreased Fbxl10 expression in nuclei of epithelial cells in the tubules of kidney, in Leydig cells of testis, and in granulosa cells in ovary. GL, glomerulus; TU, tubule; ST, seminiferous tubule; GC, granulosa cell; LC, Leydig cell; OC, oocyte; AC, antral cavity. D, diagram of the mouse Fbxl10 gene (NP_038938) and the Ϫ1-kb upstream region. Black boxes, coding exons; empty boxes, non-coding exons; numbered black ellipses, potential CREB sites. Arrows show the direction from 5Ј to 3Ј. The black letters present the minimum CREB site sequences. Region 1 bound phospho-CREB with relatively high affinity by CHIP and Q-PCR assays. Lgr4 deletion reduced the binding affinity between CREB and Fbxl10 promoter region 1. E, overexpression of Lgr4, CREB, and the combination increased Fbxl10 promoter driven luciferase activity (mean Ϯ S.D., n ϭ 3). HEK293 cells cultured in 10% FBS were transfected with indicated Fbxl10 promoter-driven luciferase constructs as well as expression plasmids for CREB, Lgr4, or empty vector, and luciferase reporter activity was measured. F, overexpression of Lgr4 with FBS increases cellular Fbxl10 in HEK293 cells. After plasmid transfection and culture overnight without FBS, HEK293 cells were cultured with or without 10% FBS for 24 h. Western blot assays were performed with ␤-actin used as a loading control. G, a schematic presenting the molecular mechanism of Lgr4 inactivation leading to WAGR syndrome. Scale bar ϭ 20 m. **, p Ͻ 0.05; ***, p Ͻ 0.01.
LGR4/GPR48 Is Responsible for AGR Syndrome MARCH 28, 2014 • VOLUME 289 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8777 demethylase JMJD2C (KDM4C) (66) . Here we demonstrated that Lgr4 induces the expression of histone demethylases Jmjd2a and Fbxl10 through cAMP/CREB signaling and regulates transcription of multiple key genes important for AGR syndrome-related organ development. The consistent data shown here and in previous reports link GPCRs to histone demethylases and extend our understanding of the roles of GPCRs to epigenetic regulation.
More recently, a nonsense point mutation in LGR4 is reported to increase the risk of squamous cell carcinoma of the skin and biliary tract cancer in humans (23) . Although we did not observe Wilm's tumors in this study, our results do not exclude the possibility of increased risk of Wilms' tumor in Lgr4 Ϫ/Ϫ mice. In this study we found that Lgr4 depletion leads to reduced histone demethylases Jmjd2a and Fbxl10 in MEF cells, mouse kidney, testis, ovary, and uterus. In addition, we observed that Lgr4 Ϫ/Ϫ mice display significantly increased cell apoptosis and decreased cell proliferation in kidney, testis, ovary, and uterus. Our observations are in agreement with previous studies that Jmjd2a and Fbxl10 are important for cell proliferation. These data indicate that Lgr4 not only regulates gene expression via cAMP-CREB and Wnt/␤-catenin signaling pathways to modulate cell procedures described here and elsewhere (19, 20, 23, 39) but also employs epigenetic regulation via histone demethylases Jmjd2a and Fbxl10 to play roles in the development of multiple organs.
We demonstrated that Lgr4 depletion leads to decreased learning ability and anti-anxiety, extending our understanding of Lgr4 roles in neuron activity, which has not been previously characterized. The expression of PAX6, an important gene for iris development and located at 11p13, is not significantly affected in Lgr4 Ϫ/Ϫ eyes, which is consistent with previous reports that Lgr4 depletion does not affect PAX6 gene expression in the ocular anterior segment (39) . These data suggest that the iris defects in Lgr4 Ϫ/Ϫ mice are not likely to be mediated through down-regulation of PAX6 but are primarily caused by down-regulation of other important genes, such as AP-2 and Pitx-2. We cannot rule out, however, that PAX6 loss contributes to the iris defects observed in some (W)AGR patients.
In summary, we identify LGR4 as a candidate gene responsible for many of the (W)AGR syndrome defects and demonstrate that Lgr4 plays a role in epigenetic regulation of gene expression by mediating histone demethylases Jmjd2a and Fbxl10 through the cAMP-CREB signaling pathway.
